This paper presents a set of data obtained in experimental and theoretical studies of the indoor ozone concentration with displacement of the ozone source. The measurements were conducted for three typical room configurations. The simulation takes into account actual room sizes and deposition rates on the surface material to predict the indoor ozone concentration. Both experimental and simulated results suggest that the air exchange rate and the material surface in the room play a significant role in determining ozone levels in indoor environments. The simulated indoor ozone concentration was compared with experimental results (correlation r = 0.8), and the accuracy of the model was tested.
Introduction
Concern for the air quality of indoor air in respect of pollutants has been rising in recent years. People spend the largest part of their time indoors and as a result, the indoor concentration of pollutants can significantly influence their health. Modelling of indoor air quality is commonly used to improve the understanding of processes that affect indoor pollutant concentrations and to predict indoor pollution under different conditions. Level of pollutants in premises partly depends on characteristics of the underlying surface on which deposition of pollutants from air occurs. It is determined that the deposition rate of ozone on 16 different surfaces in premises varies over a wide range [1, 2] . The indoor ozone concentration is usually lower compared to outdoors. The ratio of these concentrations may depend on a number of factors such as air infiltration or air exchange between indoors and outdoors, circulation of air in the room, type and structure of room surfaces, ozone reaction with other chemical compounds, etc. [3] [4] [5] . The outdoor ozone concentration has strong diurnal variations, while the indoor ozone concentration can vary significantly from hour to hour, day to day, and season to season, as well as from room to room. Under normal conditions, the half-life of ozone indoors varies usually between 7 and 10 min and is determined primarily by the removal rates on the surfaces and air exchange [6] . Indoor ozone and its oxidation products may be potentially damaging both to the human health and materials, therefore the exact prediction and simulation on other indoor pollutant concentration are needed for design of buildings [7, 8] .
It is determined that the ratio of the ozone concentration indoors/outdoors varies from 0.10 to 0.80 [9] . Homogeneous reactions of ozone with other chemical compounds may result in formation of compounds more dangerous to the human health than ozone [10, 11] . According to the Lithuanian hygiene standard HN 35:2002, the marginal concentration of ozone in the workplace is 200 µg/m 3 , given as an average value of eight hours.
The aim of this study was to examine experimentally and theoretically the ozone concentration changes in the multi-room premises with the ozone source under different air mixing conditions between the rooms.
Methodology
The simulation of the indoor ozone concentration dynamics in a building was performed using the RISK model algorithm [12] . The experiment was carried out in the working premises to investigate the indoor ozone concentration variation taking into account an air flow and a displacement of the ozone source. In the simulation scenario the premises are treated as a set of three chambers (rooms), with specific air flow rates from each room to all other rooms defined as a function of time (Fig. 1) . The model algorithm has been used to simulate concentrations of reactive gaseous pollutant (ozone) in microenvironment as a function of air exchange rates with other microenvironments, its removal rate, as well as the ozone emission rate within the microenvironment. Ozone was generated by the generator OZX-B300T with the ozone production of 200 mg/h. The ozone concentration was measured with the ozone analyzer O 3 41M, based on ultraviolet absorption. Limits of the measurements with the ozone analyzer were 0-2000 µg/m 3 and sensitivity was 1 µg/m 3 . The ozone generator was switched on either for 10 or 30 minutes. To accelerate mixing of air, the ventilator was used. The ozone concentration, microclimate, and other parameters in the room were measured continuously by averaging data of 1 min in order to detect alterations of ozone emission and sinking on the surfaces. Three simulation scenarios were undertaken to examine the response of ozone data to changes both in air flow and location of the ozone source.
The model takes into account the effect of air mixing, pollutant emission, and the deposition rate on different surfaces, etc. For each room, the air mixing conditions were described. In the model, the air exchange with the outdoor air was assumed to be 0.5 ACH (Air Changes per Hour). In the premises the air exchange rate from rooms 1 and 2 was determined to be 100 m 3 /h and from room 3 to other rooms 10 m 3 /h. The stability of microclimate was ensured by limiting the changes in temperature and relative humidity. The microclimate parameters, i. e. the relative humidity (36±2%) and temperature (20±1 • C), in all environments were established during the experiment. During the measurement campaign, permanent occupants were absent in the rooms. Indoor activities were registered to examine their effects on the indoor concentration.
Within each room, the rate of change of the ozone mass concentration was given by the empiric model based on the mass transfer theory. The calculation of the ozone concentration was based on source emission rates, room-to-room air movement, air exchange, and indoor sink behaviour. Air in each room i was considered to be well-mixed. A mass balance for each room gives
Here V i is the volume of the room, C i is the ozone concentration in the room, C i IN is the concentration of ozone in air coming into the room, Q i IN is the air flow into the room, C i OUT is the ozone concentration in air leaving the room, Q i OUT is the air flow leaving the room, A i is the ozone formation rate from the source, R i is the overall ozone removal rate, and i refers to the room in a set of multiple rooms, i = 1, 2, . . . N , where N is the total number of rooms. From the well-mixed assumption (C OUT = C i ) Eq. (1) can be rewritten as
The ozone concentration decrease depends on the type of surface and on indoor microclimate parameters such as temperature, humidity. The sinks (i. e., surfaces that remove pollutants from indoor air) play a major role in determining indoor ozone concentrations. The sinking model used in the RISK model is based on the research carried out by Tichenor et al. [13] :
Here v g is the deposition rate (mass per unit time), C is the ozone concentration (mass per length cubed), S sink is the area of the sink (length squared), v d is the reemission or desorption rate, M g is the mass collected in the sink per unit area (mass per length squared). Ozone sinks are irreversible, therefore the value of the last member of Eq. (3) that describes desorption is considered negligible.
The ozone half-life τ and deposition rates v g on various materials of underlying surfaces of the rooms were evaluated experimentally in a chamber and estimated values were used in the simulation algorithm ( Table 1 ).
The lowest ozone deposition rate was determined on glass (1.1·10 −4 cm/s). The obtained data show that wallpaper and carpeting are materials inducing the largest decay of ozone. Therefore, in order to reduce a possible ozone impact on the human health it is recommended to use these materials in premises where technological processes allow it.
Results
The model has been checked by comparing results of the simulation with experimental data. The data of the comparison between the measured and simulated ozone concentrations with the ozone source operating for 30 min in room 3 are presented in Fig. 2 . It can be seen from the figure that the maximum ozone concentration of 340 µg/m 3 is reached in the room with the ozone generation, whereas the highest concentrations in rooms 1 and 2 (of 190 and 170 µg/m 3 , respectively) are reached only in 55 min from the beginning of ozone generation. The highest ozone concentrations in neighbouring rooms (1 and 2) are lower compared to those in room 3 by a factor of about 1.9.
Statistically significant correlation (r = 0.8, r = 0.9) was found between the measured and simulated data in room 1 and room 3, respectively. A certain disagreement between the experimental and simulated data could be caused by the fact that the ozone deposition rate on some surfaces in the microenvironment was not included in simulation. The ozone concentration in rooms reached the maximum values later compared to the well-mixed air rooms, i. e. the lag of the ozone concentration peak was influenced by air mixing. Nevertheless, the value of the ozone concentration in rooms 1 and 2 still remained relatively high (140 and 120 µg/m 3 , respectively).
The ozone concentration variation in rooms when the ozone generation in room 1 was maintained for 30 min is shown in Fig. 3 . As seen from Fig. 3 , good agreement between simulated and measured ozone levels in room 1 has been obtained at the beginning of the experiment (t ≤ 30 min). However, later (with t increasing up to ∼50 min) the performed simulation gave enhanced ozone concentration values and higher rates of the ozone concentration decrease compared to the experimental data. Figure 4 shows the experimental and simulated ozone concentration in room 1 with the ozone source located in room 1 and ozone being generated for 10 min. The simulated ozone concentrations in rooms 2 and 3 are displayed in the same figure for comparison.
As shown in Fig. 4 , the ozone concentration peak in room 1 caused by the ozone emission source operating in the same room is rather narrow, whereas similar peaks of ozone concentration curves in rooms 2 and 3 are relatively flat. The simulated values are in good agreement (r = 0.8) with the experimental data of room 1 at the beginning of the experiment (t ≤ 30 min), while later (t > 30 min) the performed simulation has given enhanced concentration values and lower rates of the ozone concentration decrease compared to the experimental data.
Conclusions
The RISK model can be used to estimate the ozone level in the multi-room premises when the emission rate, ozone deposition rates on existing surfaces, and airflow data are available. In this study we considered experimental values of deposition rates, the role of air mixing and presence of an indoor ozone source emitting (10 to 30 min) 200 mg/h of ozone in the simulation. The analysis of data shows that the ozone concentration is higher in the case with good air mixing in rooms. Significant correlation (r = 0.8) between simulated and experimental results has been obtained. 
OZONO KONCENTRACIJOS PATALPOSE MODELIAVIMAS
S
Santrauka
Nagrinėjami ozono koncentracijos pasiskirstymo skaitinio modeliavimo ir eksperimentiniai duomenys, gauti generuojant ozoną patalpose esant skirtingoms ventiliacijos sąlygoms. Ozono koncentracijoms patalposeįvertinti pritaikytas RISK modelio algoritmas, atsižvelgiantį kambarių parametrus, ozono nusėdimo ant paklotinių paviršių greičius bei oro srautus. Eksperimentinių ir modeliavimo duomenų palyginimas parodė, kad ozono koncentraciją patalpose labiausiai veikė oro pasikeitimo tarp kambarių greitis ir paklotinių paviršių rūšys. Tiriant modelio tikslumą, skaitinio modeliavimo rezultatai palyginti su eksperimentiniais duomenimis (koreliacija r = 0,8).
